One of the most common and effective means of slope stabilization is lowering the water level within a soil mass. Frequently, horizontal drains are installed for this purpose. Computer-aided slope stability analyses are then used to evaluate the increase in factor of safety produced by drain installation. Critical to these analyses is the location and shape of the water table surface above the drain field. However, evaluation of the water table surface is complicated by its complex corrugated shape, with troughs corresponding to drain locations and ridges at the midpoints between drains. The objective of this research was to accurately describe the water table surface within a drain field using easily measured field and laboratory parameters. To accomplish this, physical and computer modeling of the water table along and between drains was conducted. The results of these analyses were compared to an analytical solution of the water table profile between drains that was derived by modifying groundwater equations developed for agricultural engineering applications. Based on these comparisons, a method was developed to describe the water table surface using the analytical solution and an experimentally derived correction factor. The method was confirmed by comparisons to field data. As a result of this research, water table surface heights can be approximated along and between drains. Additionally, an average water table surface height may be calculated and used in stability analyses, allowing accurate substitution of two-dimensional analyses for more complex threedimensional situations.
INTRODUCTION
Dewatering is the most frequently utilized method of landslide stabilization, and the installation of horizontal drains is the method most commonly used in these mitigation efforts (Bukovansky, 1996) . Computer-aided stability analyses are commonly conducted in conjunction with the remedial program to assist the practitioner in evaluating the effect of geologic and hydrogeologic conditions. Accurate determination of the groundwater table height within the drained slope is essential for successful stability modeling (Bukovansky, 1996) , but defining the water table throughout the entire slide requires installation of a large number of piezometers.
Many of the computer-modeling programs typically used for analysis evaluate a two-dimensional cross section of the slope. Because of the three-dimensionality of the water table surface within the slope (Figure 1 ), it is necessary to convert the three-dimensional water table to a representative two-dimensional water table surface for stability analyses.
Through the use of physical and computer modeling with comparisons to analytical solutions, a method has been developed to evaluate the height of the water table within a slope that has been stabilized using horizontal drains. This method relies on parameters that are commonly evaluated during a remediation effort. These parameters are drain spacing (S), drain length (L 100 ), drain recharge rate (v), soil hydraulic conductivity (K), the depth to the impermeable layer (converted to an equivalent depth to impermeable layer [d] ), and the initial water table height (H i ). Upon determination of these parameters, the height of the groundwater table above the drain field may be calculated. The results of the water table height analysis may then be used for slope stability modeling. The method developed by the authors allows the calculation of an average water table height across the drain field, which produces the best representation for the actual factor of safety across the slope for twodimensional modeling. The method also allows the calculation of the maximum water table height, so that a conservative value for the factor of safety may be obtained.
METHODOLOGY
Physical and computer modeling were used to evaluate the water table along the drain. Physical modeling was conducted first to determine recharge rates that are probable for specific hydraulic conductivities. Physical modeling results then aided development of computer models that were used to test and verify water table shape.
Physical Modeling
Four test cells were used to experimentally evaluate the water table above a drain. A wick drain was installed horizontally in each cell, extending 60 percent to 80 percent of the cell length. Five piezometers were located along each side of the cell and were used to measure the height of the water table along the drain's length.
Four soils were tested-two sands, one silt, and one clay. Soils were chosen to accommodate a range of recharge rates and to represent typical soils in which slope failure occurs. Soil properties are presented in Table 1 .
Three test methods were used to simulate recharge conditions that were considered probable in the field. These methods varied the source of recharge and the recharge rate. Two methods simulated dynamic recharge conditions. The first of these allowed recharge from above and behind the drain, simulating the conditions of a rainfall event. The second method allowed recharge to enter the system only from behind the drain, simulating a variable groundwater recharge source. This situation is typical during periodic episodes of high precipitation, a spring snow thaw, recharge due to agricultural irrigation, etc. For both of these tests, water was allowed to enter the system until a steady state was established, denoted by no change in the height of the water table.
Once a steady state had been established, the water source was removed, and the height of the water table and the volumetric flow rate from the drain were measured at specific time intervals. The third test method simulated recharge from a constant groundwater source. Water was allowed to enter the system from behind the drain utilizing a constant head reservoir. It was determined that a steady-state condition had been established when volumetric flow from the drain became constant. Once a steady state had been established, the flow rate was recorded and the height of the water table was measured.
Computer Modeling
A program to model the seepage to a horizontal drain was developed using GMS 3.1 software. Steady-state finite element modeling was then carried out using MODFLOW software. The model considered an area of soil 7.5 ft wide and 120 ft long. A drain was designated at the bottom of one side of the soil area and extended 90 ft into the soil area. Model heights of 20 ft and 50 ft were used. A large number of recharge wells were placed at the back of the model to simulate a constant and nearly continuous recharge source.
Three situations were modeled to evaluate the water table above and between drains. The first model evaluated a range of hydraulic conductivities under equivalent recharge conditions. The second model evaluated specific recharge conditions considered most likely to be encountered in the field based on laboratory and field data. The third model evaluated the shape of the water table for a range of hydraulic conductivities, maintaining a recharge rate proportional to the hydraulic conductivity for each test. For each test, the hydraulic conductivity for the soil mass was established to be homogeneous in both the horizontal and vertical directions. For each hydraulic conductivity, drain conductance rate was established so that it did not affect the shape of the water table. Luthin, 1966) for application in agricultural engineering (Luthin, 1966 rate of a rainfall event. Hooghoudt began by considering a soil of unit thickness between two drains, with recharge entering from above the system. For the system, Darcy's law and the Dupuit-Forchheimer assumptions both apply. By considering the system's geometry and applying Darcy's law, Hooghoudt was able to derive the following equation for flow rate at any point (x,y):
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where v ¼ recharge rate, rate of water entering or leaving the system (L/T); S ¼ drain spacing, horizontal distance between drains (L); K ¼ hydraulic conductivity of the soil (L/T), for the boundary conditions: when
; and H ¼ height of the water table above drains (L). Eq. 1 defines an ellipse whose center lies along the impermeable layer at the midpoint between drains. This becomes evident by rearranging the equation and using the substitution x ¼ S/2 À x to transform the origin of the coordinate system to the midpoint between drains ( Figure 3a ):
Eq. 2 is in the standard form for the equation of an ellipse. Since the system described by this equation is steady state (v is constant) and all dimension and rate parameters (S and K in Eq. 2 in addition to d in later equations) do not change, the parameters a and b may be used to simplify further manipulations of the equation.
The x-coordinate now represents the horizontal distance from the midpoint of two drains to the drain, and the y-coordinate represents the height of the water table above the drain field plus the equivalent depth to the impermeable layer. Assuming that the soil beneath the drain is saturated, only the height of the water table above the drain field, H, is required for stability analyses. This height can be determined by setting the x-axis at the height of the drain field so that the center of the ellipse is located at (0, Àd) ( Figure 3b ). The region of the ellipse that lies above the x-axis (drain level) is the water table above the drain field. Incorporating this axis shift and solving for H:
This equation may be used for calculating the maximum height of the water table between drains by substituting in parameters for a and b and entering x ¼ 0: 
Evaluation of Figure 3b indicates that the water Determining the average water table height between drains requires finding the x-intercepts of the ellipse represented by Eq. 3 (since they are no longer at the drain). By solving for y ¼ 0 or, due to the x-axis shift, H ¼ Àd, then the x-intercepts are
The x-intercepts are the limits of integration for the area of the ellipse above the x-axis, or the water table above the drain field. As a result of symmetry, Eq. 3 may be integrated from 0 to x 1 , and the value then doubled. Symmetry about the d-axis will result in calculation of an area twice that of the water table above the drain field; therefore, the area must be divided by half. These two values cancel out, and the equation that must be solved to determine the area of the water table above the drain field is
To integrate the equation, a trigonometric substitution must be used:
Substituting into Eqs. 5a and 6a,
(h 2 is not included because of the domain restrictions of the trigonometric substitution.)
Upon integration:
Since this is the area of the water table above the drain field, it may be divided by the drain spacing to obtain an average height of the water table,
or, substituting v, S, K, and d back into the equation,
Another solution may be derived by realizing that the area between the x-axis and d-axis (below the drain field) is essentially a rectangle of height h ¼ d and width w ¼ S (Figure 3c ). Based on this observation, a simple equation may be developed to estimate the average water table height between drains. By applying the equation for half the area of an ellipse and subtracting the area of a rectangle,
an estimate of the area of the groundwater 
Dividing Eq. 9b by the drain spacing results in an average height,
This equation may be applied more easily than Eq. 8 when calculating the average water table height between drains for a stability analysis. When values calculated using Eq. 10 are compared with solutions to the exact calculation of the average water table height (Eq. 8), the difference is 0.06 ft for conditions that might normally be encountered in the field.
Determination of the Equivalent Depth to the Impermeable Layer, d
Because of assumptions associated with Hooghoudt's work, his equation is not an exact mathematical representation of the flow to a drain. To account for variances created by radial flow, Hooghoudt developed an equation to determine the equivalent depth to the impermeable layer. When the equivalent depth value is used in Hooghoudt's equation, it is correct within five percent when compared to exact mathematical solutions of the flow problem (Wesseling, 1964) .
The equation developed by Hooghoudt for determination of the equivalent depth to bedrock (d) is
Where D ¼ actual depth to impermeable layer and r 0 ¼ radius of drain. Eq. 11 was used to develop a design chart, off of which the equivalent depth to bedrock may be obtained (Figure 4) . The design chart presented in Figure 4 is for a 1.5-in.-inside diameter rolled wick drain.
Recharge Correction for Application to Landslide Remediation
Hooghoudt's equation for the water table height between drains was developed based on surface recharge and a semi-infinite drain. Because of this, an equal recharge rate throughout the drain field is assumed. Therefore, the analytical solution for the height of the water table between drains is constant along the entire drain field ( Figure 5 ). This situation approximates conditions that are encountered during agricultural drainage applications; however, for slope stabilization applications, the height of the water table between drains decreases toward the drain outlet. This occurs because more water is entering the drain at the back of the drain field because of recharge from groundwater sources and boundary effects of the drain.
To address the discrepancy between the analytical calculation of water table height and the actual water  table heights, the analytical solution to water table height between drains was compared to computer-derived water table heights between drains. These comparisons were used to develop correction factors for application to the analytical solution based on the normalized recharge rate (v n ) for Type I and Type II water tables.
Because of the unequal distribution of recharge across the drain, the analytical solution for water table height is only exact at L c . In front of the point of drain contact, toward the slope face, the actual height of the water table is less than the analytical solution; behind the point of drain contact, into the slope, the actual height of the water table is greater than the analytical solution. Therefore, these two areas were designated Zone 1 and Zone 2, respectively ( Figure 5 ), and correction factors were developed for each zone.
Calculation of the Recharge Correction Factor
The recharge correction factor is applied to intervals along the profile of the water table. Ten-foot intervals are suggested. Therefore, it may be easiest to visualize the process, at least initially, if a sketch of the slope profile, with the level of drains noted, is made and divided into the chosen intervals and Zones 1 and 2, as shown on Figure 5 . Methods for obtaining or estimating all parameters needed for the calculations are provided below.
First, choose the water table Type (Figure 2 ) based on v n . The type generally may be assumed as Type II, since this is the most likely field condition that will cause slope failure.
Next, calculate the L c . Using the v n and Figure 6a , obtain a value for the depth of the L c into the drain field as a percentage of the L 100 . Multiply the L 100 by this value to obtain the depth into the drain field of the L c . This location is the division between Zones 1 and 2.
Third, calculate the maximum water table height (H max ) using Eq. 4 and the average water table height (H avg ) using Eq. 10 (or Eq. 8). These values will be used to calculate the recharge correction factor for each interval of the drain field based on the zone in which the interval lies.
Zone 1 Correction
Within Zone 1, the calculated H avg is greater than the actual height of the water table, although the height discrepancy is generally small. Height values may be calculated directly for each interval using the following equation:
Where H1 i ¼ the water table height at a specified interval within Zone 1 (L); i ¼ the distance into the drain field, from the drain outlet, of the interval (L); H avg ¼ the average height of the water the error will be small and should not affect stability calculations.
Zone 2 Correction
Within Zone 2, the calculated H avg is less than the actual height of the water table. Therefore, within Zone 2, the correction factor must be added to H avg to obtain the actual water table height. First, a value for H 100 must be determined. Normalized recharge (v n ) is used in conjunction with Figure 6b to obtain a value of H 100 as a percentage of H i . This percentage is multiplied by the initial water table height to derive the H 100 value. Using this value, along with others that have already been calculated, height values may be calculated directly for each interval within Zone 2 using the following equation:
Where H2 i ¼ the water table height at a specified interval within Zone 2 (L); i ¼ the distance into the drain field, from the drain outlet, of the interval (L); L c ¼ point of drain contact (L); H 100 ¼ the height of the water 
DETERMINATION OF PARAMETERS
The majority of landslide remediation efforts will utilize nonparallel and/or nonequal drain spacing. Therefore, these drain designs must be converted to an equivalent parallel drain design. To evaluate the height of the water table for stability analyses, the drain field is divided into 10-ft intervals extending up the axis of the slope, as shown in Figure 7 . These intervals may be used when calculating water table heights with Eqs. 12 and 13. Maximum Water Table Height (H max ) H max is calculated using Eq. 4. Average Water Table Height (H avg ) H avg is calculated using Eq. 8 or estimated using Eq. 10.
Drain Spacing (S)
Drain spacing is measured directly from a site map. In the case of a nonuniform drain spacing, average drain spacing (S avg ) is calculated for the entire drain field and used as the drain spacing (S) value. All drain spacings are measured for each interval and divided by the total number of drain spacings measured (Figure 7) . For design programs, ideal spacing may be determined by calculating water table heights for various design drain spacings. These water table heights can then be used for stability analyses and factors of safety evaluated to determine the appropriate drain spacing.
Drain Length (L 100 ) Drain lengths are measured directly from a site map or taken from field notes. An average L 100 is then calculated. Drains that are significantly shorter or longer then the typical drain length should not be used in the calculation of L 100 . Additionally, drains that are at a severe angle (.258) from the slope axis should be adjusted to reflect depth into slope. For design programs, drains lengths are typically targeted to extend past the failure surface within the slope.
Recharge Rate (v) Recharge rate is calculated by dividing the total volumetric flow rate (Q) from the drain outlets by the area of recharge to the drain. Area of recharge is calculated by Figure 7 . Methodology for determining average drain spacing for the drain field. This allows conversion of complex drain layouts to evenly spaced, parallel drain layouts. multiplying drain length (L 100 ) by the average drain spacing for the entire drain field. Therefore,
For design programs, a range of normalized recharge rates may be used to produce probable water table heights. Based on physical and computer modeling results, Type III water tables are not expected to occur in the field for most situations. Therefore, parameters associated with Type II water tables are the most likely conditions for the initiation of slope movement. Based on this assumption, a maximum reasonable value for recharge rate may be obtained by multiplying hydraulic conductivity, K, by v n ¼ 0.3. Additionally, a minimum critical value for recharge rate may be obtained using v n ¼ 0.01, since for normalized recharge rates less than this, little to no lowering of the water table will occur along the drain.
Hydraulic Conductivity (K)
Hydraulic conductivity may be obtained through field or laboratory testing.
Equivalent Depth to Impermeable Layer (d)
Depth to impermeable layer (D) may be obtained from borehole logs in the area of the landslide or from interpretation of regional geology based on geologic and engineering geology maps. An impermeable layer is defined as a unit that has one tenth the hydraulic conductivity of the layer being drained (Luthin, 1966) . For most landslide remediation efforts, the impermeable layer will be bedrock. If a dipping impermeable layer underlies the drain field, a cross section should be constructed, and the depth to the impermeable layer should be determined at each interval into the drain field, then averaged. Once the average depth value (D) is obtained, it must be converted to an equivalent depth value (d), using Eq. 11, to be used in the analysis.
Initial Height of the Water Table (H i ) The initial water table height should be obtained from information as near as possible to 20 ft behind the drain field, because this is the location considered for development of correction factors. In most instances, an initial water table height for recharge conditions that will cause or have caused failure may not be available. In this situation, slope stability backcalculations of water table height should be used to obtain an initial water table height value.
COMPARISON TO FIELD DATA
The following section demonstrates the effectiveness of the proposed method in determining the exact water table height at a cross section. Because the intent of the exercise is to calculate the exact water table height, the methodology used differs slightly from the method for calculating average or maximum water table height. These differences are as follows: 1) H (Eq. 3) is substituted into Eqs. 12 and 13 for H avg for water table height calculations, and 2) parameters for calculations are determined based on the conditions in the immediate area of the cross section rather than for the landslide as a whole. Use of Eq. 3 allowed calculation of a water table height based on piezometer offsets from drains. The area considered for evaluation is the region inside the three wick drain clusters indicated on Figure 8 .
Site Overview
The data analyzed for this comparison is from a landslide in Jasper, Indiana, that was stabilized through the use of horizontal wick drains in June 2000 (Figure 8 ). The failure occurred in a natural slope of residual silty clay. Forty-four drains ranging in length from 20 to 100 ft Water Table Profiles Environmental & Engineering Geoscience, Vol. X, No. 3, August 2004, pp. 191-201 were used in the remediation effort. Piezometers were installed into the slide both before and after drain installation. Water table heights used for this analysis were recorded in these piezometers on June 8, 2000 (Santi et al., 2003) .
Water Table Height Calculation
Parameters used for the investigation are summarized on Figure 8 . Hydraulic conductivity was based on reference material for silty clay soil. Volumetric flow rate was recorded in field notes for June 8, 2000. All drains were not flowing at the same rate; therefore, the value used was based on an average flow rate. Drain length is an average of the drains. Drain spacing is based on the average drain spacing for the area of the cross section, derived using the method described in Figure 7 . Area of drainage is the estimated area affected by the considered drains. Depth to the impermeable layer was based on boring logs in the area, and a d value was obtained from Figure 4 . The initial height of the water table was based on the water level in piezometer 3-P.
Initially, the normalized recharge (v n ) was calculated to be 0.232; from Figure 2 , this indicates a water table of Type II. The point of drain contact, L c ¼ 52 ft, was calculated using Figure 6a . This indicates that piezometers TP-2 and 2-P are within Zone 1 and piezometer TP-3 is in Zone 2. Piezometer 2-P lies 51 ft into the drain field; therefore, since it is approximately at the point of drain contact (L c ¼ 52 ft), Eq. 3 can be applied directly to solve for the exact water table height at its location. Application of Eq. 3 and x ¼ 4.5 ft (reflecting the piezometer's slight offset from the drain) results in a water table height of 0.63 ft. The measured value in this piezometer is 0.5 ft; therefore, the method slightly overestimates the water table at this location.
Because piezometer TP-2 lies within Zone 1, Eq. 12 was used to solve for water table height at the location. Piezometer TP-2 lies 21 ft into the drain field; therefore, i ¼ 21. This calculation produces a water table height of 0.48 ft, whereas the measured water table height was 0 ft. Again, the calculated water table height is slightly higher than the observed water table height.
Piezometer TP-3 lies within Zone 2; therefore, Eq. 13 was used to solve for water table height at the location. Piezometer TP-3 lies 86 ft into the drain field; therefore, i ¼ 86. A value of H 100 ¼ 4.55 ft was calculated using Figure 7b . This results in a water table height of 4.3 ft at piezometer TP-3's location. The observed water table height at this location was 4.6 ft. Figure 9 indicate that the calculated water table heights at the point of drain contact (L c ) and at the back of the drain (H 100 ) compare favorably to measured water table heights.
CONCLUSIONS
Using the previously described method, the height of the water table above a drain field can be accurately and efficiently calculated. This method has several advantages over methods previously used in determining water table heights: the parameters needed are easily evaluated or estimated, the method is accurate, and it is cost effective and efficient. Therefore, the proposed method is a practical tool that may be used in stability analyses. Application of this method requires knowledge of only the spacing of the drains within the slide (S), drain length (L 100 ), recharge rate of water (v), hydraulic conductivity of the soil (K), initial water table height (H i ), and the equivalent depth to the impermeable layer beneath the slide (d) (Figure 10 ). These values are normally known in a majority of stabilization efforts provided there is a small amount of slope instrumentation data.
When water table heights that have been calculated using the method are compared to water table heights measured in the field, these values compare favorably. Therefore, average water table height profiles using the method will produce accurate estimates of the safety factor across a slope. Using the technique, complex drain layout patterns can be easily evaluated. This allows drains to be installed where access is most favorable and allows multiple drains to be installed from a central location, decreasing installation time. In addition, application of the method is quick, since relatively few calculations must be made. This process is expedited through the use of design charts, which can also be used in the field to assess the remediation effort while it is in progress.
